Abstract-Fire-resistant turbine oil is widely used in thermal power plant. As the service time increases, its lubrication and electrical characteristic degrade. This work proposes a mini NMR (nuclear magnetic resonance) sensor for assessing the degradation of the turbine oils used in real time and in vivo. Two magnetic discs with poles opposed were separated in a distance to generate a relative homogeneous static magnetic field between them. A solenoid coil was placed between the magnets as the RF coil. The dimensions of the sensor are 30 mm × 30 mm × 36 mm and the mass is 107 g. The T 1 and T 2eff of the turbine oils from two different power plants were measured. The results demonstrated that an increase of the service time of turbine oils clearly results in a decrease of T 1 and T 2eff . This method of monitoring degradation of turbine oils could lead to the use of NMR to assess the degradation level of turbine oils in service.
INTRODUCTION
In thermal power plant, the electrical energy delivered to the end customer is transformed from mechanical energy which is produced by thermal energy [1, 2] . The main equipment in charge of transforming thermal energy into mechanical energy is the turbine. With increment of power consumption, the control system of turbine has become increasingly complicated [3] [4] [5] [6] . In the control system, turbine oils are used primarily for lubricating, cooling and vibration damping. The quality of turbine oils plays a crucial role in the control system. In order to enhance the fireproof ability, a phosphate ester fire-resistant oil has been widely used in most thermal power plants in the world [7] [8] [9] .
When operating at high temperatures, in the presence of oxygen, water vapor and catalytically active metals, these fire-resistant turbine oils are severely stressed [10, 11] . These conditions will lead to a rapid degradation to the oils, which may cause corrosion and even failure of the system [12] . The aging status of the turbine oils may be roughly evaluated by observing the color and turbidity changes [1] . A more complicated routine detection requires operators to test the acidity, resistivity and impurities of the oil at least once a week [13] [14] [15] . Some sites even test the thermo-oxidative stability and corrosivity under simulated aging conditions, where the increase of acidity and viscosity, the formation of sludge and corrosion against various metals are controlled [16] . However, this method is expensive and time consuming and cannot be applied to a large number of samples in the surveillance of oils.
Since portable NMR sensor is simpler and much less expensive than traditional MRI (magnetic resonance imaging) system, it has been rapidly developed and become a powerful technique in different areas of application. Especially, portable NMR has performed very well recently to investigate materials aging and degradation [17, 18] . In previous work, we proposed a unilateral NMR sensor to investigate the degradation of fire-resistant turbine oils [19] . The result encouraged deep research to develop a mini NMR sensor for monitoring turbine oils in real time in vivo. The ultimate aim of this study is to identify a potential method for regularly assessing the condition of a turbine oil so its aging degrees can be predicted and the replacement can be scheduled before catastrophic failure occurs.
The mini NMR sensor presented in this paper consists of two magnetic discs (with poles opposed) separated in a distance to generate a sensitive volume between them. A solenoid coil is employed as the RF coil for signal excitation and detection. In the following sections, the features of the sensor and the measurements on fire-resistant turbine oils are presented.
EXPERIMENTAL SECTION

Magnet
Different types of magnets can be employed for this kind of measurement. NMR spectrum analyzer works faster and gives more sensitive information of the samples, but it requires a more complicated design which costs much more than portable NMR. We designed a mini NMR sensor whose B 0 field is not so uniform in the sensitive volume. But considering its very small size (30 mm×30 mm×36 mm) and mass (107 g), it is a good choice for the measurements in field and in vivo. In spite of simple structure, the mini NMR sensor produced reliable results.
Construction of the magnet body of the mini NMR sensor is depicted in Figure 1 . It consists of two separated magnetic discs (with poles opposed) with two ferromagnetic washers below them to improve the homogeneity and enhance the magnetic field of the discs. Since the poles of the two magnets are opposed, in the measurement area, the magnetic field component perpendicular to the magnet surface generated by each magnet orients in the same direction, but the parallel components orient in the opposed direction. If the parallel components generated by each magnet can be cancelled, a relative homogeneous magnetic field would be generated. This idea can be worked out by adjusting the distance between the two magnets. N42 NdFeB magnetic discs and ferromagnetic washers (Lee Valley Tools Ltd., Ottawa, CA) were employed. The diameter and thickness were 25.4 mm, 3.2 mm for the magnets and 28.6 mm, 5.5 mm for the washers. The magnet design idea was verified through simulation (Vector Field Opera 12, Cobham Antenna Systems, Kidlington, Oxford, UK). The ideal distance (11 mm) between the magnets were therefore determined prior to prototype construction ( Figure 1 ).
In order to characterize the magnet, magnetic field measurements were undertaken employing a 3D Gauss meter (Lake-Shore Cryotronics Inc., OH, USA). Figure 2 shows the magnetic field distribution along y axis and z axis corresponding to the coordinate system in Figure 1 . In a 25 mm 3 sensitive volume at the centre of the magnet body, the calculated variation of the magnetic field was 0.74% (bandwidth is 80 kHz). The proton resonance frequency in this volume was thereby determined to be 10.5 MHz (where the B 0 was 0.25 T). In the simulation, the current was set to be 1 A. The coordinate system was the same as in Figure 1 .
RF Coil
A solenoid coil ( Figure 3 ) was employed for the RF probe. Since the ideal gap (11 mm) between the magnets was less than the diameter of the magnets, in order to excite as much as possible samples to increase the signal strength, the RF coil was not a traditional solenoid coil. The cross section of the RF coil was an ellipse with the semi-major axis 20 mm and semi-minor axis 10 mm. The RF coil was 18 mm in length with 11 turns (shown in Figure 3(b) ). Between two turns of the RF coil, there was one turn of the wire without current for mechanical stability. The B 1 field inside the coil, simulated employing the simulation software Maxwell 3D (Ansoft, Pittsburgh, PA, USA), is shown in Figure 4 . The resistance and inductance of the coil were 1.1 Ω and 0.81 µH, respectively. The matching circuit was π type circuit, and the capacitance was 253 pF for tuning and 87 pF for matching. The loaded quality factor (Q L ), measured with the coil inserted between the magnets, was 68. The dead time of the RF probe was 33 µs. There was one layer of copper shield between the RF coil and the magnetic discs to avoid acoustic ringing.
Experimental Details
All measurements were carried out with a Kea2 console (Magritek, Wellington, New Zealand), connected to a RF power amplifier (TOMCO Technologies, Stepney, Australia) at 22 ± 0.3 • C. The measurement system except the computer is shown in Figure 5 .
In order to evaluate the effectiveness of the sensor, an eraser sample was employed for a CPMG (Carr-Purcell-Meiboom-Gill) measurement. The total measurement time was less than 10 s.
Two groups of fire-resistant turbine oils (Table 1) , collected from two different power stations, were detected. The oils are shown in Figure 6 . The sensor was immersed into the oil samples. The 1 H NMR effective transverse relaxation time (T 2eff ) and longitudinal relaxation time (T 1 ) were obtained with the standard CPMG sequence and T 1 Inversion Recovery with CPMG (T 1 IR Add) sequence, respectively. The main parameters of all the sequences are shown in Table 2 . The power employed for the 90 • pulse was 6.3 Watt which was a half of the power for the 180 • pulse. The total measurement time was 1 min for T 2eff , 5 min for T 1 .
All experimental decay measurements were fit to mono-exponential decay and bi-exponential decay with nonlinear regression in Sigmaplot 12.0 (Systat Software Inc., San Jose, CA, US), as well as multiexponential decay with Contin program. Figure 7 shows the CPMG decay obtained with the mini NMR sensor from the eraser sample. 32 scans were averaged. The signal to noise ratio, which is the signal intensity divided by the noise level, was 24. Three repeated measurements with the sensor on the eraser sample yielded less than 0.5% standard deviation.
RESULTS AND DISCUSSION
Sensitivity Test
Since the static magnetic field is less homogeneous in the mini NMR than in commercial NMR, this paper does not consider the influence of the magnetically susceptibility of the sample on the sensitivity of the sensor.
Effective Transverse Relaxation Time Measurements
In inhomogeneous static magnetic fields, it is not possible to obtain a pure T 2 decay from a CPMG echo train. Because of the static magnetic field inhomogeneities, the RF pulses excite multiple coherence pathways simultaneously; therefore the decay time constant is a weighted sum of the 1/T 1 and 1/T 2 relaxation rates which is called effective transverse relaxation time T 2eff [20] .
The CPMG echo trains were fitted by mono-exponential model (Eq. (1)), bi-exponential model (Eq. (2)) and multi-exponential model (inverse Laplace transform with Contin program) to extract the effective lifetimes T 2eff .
Comparing the standard errors of the three fitting results, it was found that mono-exponential fitting was more precise. Table 3 shows the mean T 2eff with the associated variations of the three repeated measurements for each sample.
It can be inferred from the result that the aging status of different turbine oils can be distinguished in the measured T 2eff and an increase in service time yields a decrease in effective transverse relaxation time T 2eff . This result agrees with the effective transverse relaxation time measurements of the previous work. Nevertheless, the variations of T 2eff of this method are one order less than unilateral magnetic resonance method in previous work, which means a less noise level of the mini NMR sensor.
Longitudinal Relaxation Time Measurements
For measuring T 1 in inhomogeneous magnetic field, a standard inversion recovery with CPMG detection added (T 1 -IR-Add) sequence was employed. This can results in a considerable improvement in signal to noise ratio when compared with the simpler T1-IR-Echo experiment. Since the mono-exponential decay fitting was more precise for T 2eff , the integrals of the CPMG echoes were also fitted to Eq. (1). Table 3 shows the mean T 1 with the associated variations of the three repeated measurements for each sample. From Table 4 , an increase in the service time yields a decrease in longitudinal relaxation time T 1 of turbine oils. This result agrees with the T 1 measurements of the previous work. Nevertheless, the variations of T 1 of this method are one order less than unilateral magnetic resonance method in previous work. It must be noticed that the reproducibility of T 2eff measurements are better than T 1 measurements.
To obtain a quantitative relation between the NMR testing and the disable degree of the turbine oils, we will employ the new turbine oil as the reference sample. Firstly, we will measure T 2eff and T 1 of the new turbine oil. Secondly, we will measure T 2eff and T 1 of the aged turbine oil. Finally, the differences of T 2eff and T 1 between the new and aged turbine oils will be divided into 5 (whatever) degrees. Therefore, we get the T 2eff and T 1 ranges of different aging degrees of the turbine oil. Once we measure the T 2eff and T 1 of any turbine oil, we can know the aging degree of it. It should be noted that all the turbine oils samples tested above should be the same type. This work needs to measure a number of turbine oils to get the range of T 2eff and T 1 for different aging degrees which will be done in the future.
CONCLUSION
In previous work, it has been shown that unilateral magnetic resonance is a technique that can be used to quantify the level of degradation of fire-resistant turbine oils. In this work, a mini NMR sensor was employed for measuring the turbine oils by immersed the sensor into the samples. The measurement results also showed to be sensitive to changes due to aging in turbine oils. We demonstrate that the aging results in a decrease in T 1 and T 2eff . Moreover, the mini NMR sensor performed much better on the signal to noise ratio and the stability of the measurements. This technique could lead to monitoring aging of turbine oils in power stations in real time and predicting when these turbine oils should be replaced to prevent unexpected failure.
